Chronic lymphocytic leukemia (CLL) is a common malignancy characterized by the accumulation of B lymphocytes with an antigen-experienced activated CD19 1 CD5 1 clonal phenotype. Clinically, ;50% of cases will behave more aggressively. Here, we investigate the role of the major B-cell transcription factor E2A, a known regulator of B-cell survival and proliferation, to CLL persistence. We show that E2A is elevated at the mRNA and protein levels relative to normal B-cell subsets. E2A silencing in primary CLL cells leads to a significant increase in spontaneous apoptosis in both CD38 1 (aggressive) and CD38 2 (indolent) cases. Moreover, E2A knockdown synergizes with the immunomodulatory drug lenalidomide to reduce CLL viability. E2A is known to restrain the proliferation of primary B and T lymphocytes at multiple stages of maturation and we report that targeted E2A disruption increases the frequency of Ki-67 1 CLL cells in the absence of effects on de novo proliferation. At the molecular level, E2A siRNA-treated CLL cells display reduced expression of key genes associated with survival and cell cycling including p27, p21 and mcl-1, of which the former two are known E2A target genes. Thus, E2A, a key transcription factor associated with the B-cell activation profile, regulates apoptosis in CLL and may contribute to disease pathology.
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Introduction
Chronic lymphocytic leukemia (CLL), one of the most common forms of adult leukemia in the western world, is associated with the progressive accumulation of malignant clones of apparently mature B-cell origin that express the CD5 antigen. Incapability of undergoing appropriate programmed cell death as well as profound defects in cell cycle regulation play an important role in CLL pathogenesis (1) . There are two major CLL disease pathologies: aggressive and indolent. The aggressive disease manifestation is classically associated with the expression of CD38 (2), over-expression of ZAP-70 (3) and unmutated IgV H gene profile (4, 5) . Additional prognostic markers have been described (6) (7) (8) including characteristic microRNA signatures (8, 9) . Leukemic clones from patients with stable disease usually express mutated rather than unmutated IgV H genes indicating that the molecular defect(s) is not directly linked to somatic hypermutation processes during B-cell differentiation. Despite the variable phenotypic and mutational status, CLL cells display a common and characteristic gene expression profile that is closer to memory B cells than to naive B cells, CD5 + B cells, germinal center B cells and centroblasts or centrocytes (10) . Cells from both the aggressive and indolent clinical categories have an activated and antigen-experienced phenotype (4, 11, 12) . Antigen stimulation in the context of co-stimulatory molecules and cytokines and constitutively activated signaling pathways are thought to play an important role in CLL persistence and protection from apoptosis, thereby contributing to leukemic propagation and insensitivity to chemotherapeutics (11, (13) (14) (15) .
B-cell stimulation through the antigen receptor elicits a host of activation-associated changes including up-regulation of the key B lineage transcription factor E2A (16) . E2A is a master transcriptional regulator of B lineage maturation and function. In the absence of E2A, lymphocyte development is ablated at the progenitor stage in the bone marrow (17, 18) . Conditional deletion studies demonstrate a differential requirement for E2A activity in the periphery. Once the peripheral B-cell compartment is formed, E2A is dispensable for the maintenance of mature B cells and plasma cells (19) . However, E2A is critical for germinal center B-cell persistence (19) as well as B-cell activation (20) , and its down regulation is essential for differentiation of germinal center B cells into plasma cells (21) . In peripheral compartments, E2A promotes isotype class switching and somatic hypermutation through the up-regulation of activation-induced deaminase (22, 23) . E2A also regulates B lymphocyte proliferation and survival. Work from our group and others have shown that E2A can either restrain or promote cell proliferation, depending on the cell type or developmental stage (24) (25) (26) . Blockade of E2A activity by the enforced expression of an inhibitory binding partner induces caspase-dependent apoptosis, highlighting a role for E2A in promoting lymphocyte viability (27) . In man, disruptions in E2A are associated with cancers of both the B and T lymphocyte lineages. Within the B lineage, lesions in E2A are mechanistically linked to pre-B acute lymphoblastic leukemia and Hodgkin lymphoma as well as cancers of T lineage origin (28, 29) . Given the role of E2A in B-cell persistence and activation and the link to cancers of B lineage origin, targeted manipulation of this transcription factor may increase our understanding of disease pathogenesis and improve the efficacy of existing therapies in CLL.
Here, we exploit siRNA knockdown nucleofection to evaluate the contribution of the master transcriptional regulator E2A to CLL persistence. We show that E2A is over-expressed in CLL cells relative to normal B-cell subsets in a manner that is consistent with the activation status of this leukemia. We place these findings in a biological context by showing that loss of E2A leads to increased apoptosis, and the combination of E2A knockdown in the context of the immunomodulatory (IMiD) drug lenalidomide dramatically enhances the pro-apoptotic effects of this agent. We then demonstrate that efficient and specific knockdown of E2A alters the expression of a key set of genes associated with survival.
Methods

Study population
Peripheral blood samples were obtained from 26 B-CLL patients (age range 39-86 years, median age 58 years) as well as eight young (age range 17-51 years) and 10 aged (>80 years) healthy individuals. Blood samples were collected in accordance with the Declaration of Helsinki. Diagnosis of CLL was based on clinical, immunophenotypic and morphologic criteria (30, 31 Human peripheral blood buffy coats from healthy donors were from the Pittsburgh Central Blood Bank. Human subjects research was approved by the University of Pittsburgh Institutional Review Board.
Mice
Mice bearing targeted mutations in the E2A gene have been described elsewhere (24) . Animals were treated humanely in accordance with federal and state government guidelines and the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Isolation and culture of B cells
PBMCs were separated from heparinized venous blood or buffy coats by density gradient centrifugation using lymphocyte separation medium. CD19 + B cells were purified from PBMCs from healthy donors or CLL patients using a negative isolation kit according to manufacturer instructions (Miltenyi Biotec, Auburn, CA, USA). Purified CD19 + B cells were cultured in RPMI-1640 medium with L-glutamine, penicillin (100 U ml À1 ), streptomycin (100 lg ml
À1
) and 10% fetal bovine serum, in the presence or absence of anti-CD40 (1 lg ml À1 ) plus anti-IgM (5 lg ml À1 ) and incubated for 48 h at 37°C (culture reagents from Fisher Scientific, Waltham, MA, USA).
Surface and intracellular flow cytometry
Surface staining of the cells was performed using the following mAbs from BD Biosciences (San Jose, CA, USA): FITCconjugated anti-CD24, anti-CD5, APC-conjugated anti-CD19, anti-CD27 and PE-Cy5-conjugated anti-CD38. Intracellular staining for E2A (clone G127-32) was performed as we have described (32) . In brief, surface-stained cells were resuspended in 200 ll of Cytofix (BD Biosciences) for 20 min on ice, washed with PBS/5% FCS and permeabilized with 200 ll of PBS/0.2% Tween 20 for 15 min at 37°C, and washed again. Cells were then stained for intracellular E2A and analyzed promptly. Flow cytometric analysis was performed on an LSR II flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star, Ashland, OR).
Viability and proliferation assays
Cell viability was assessed by flow cytometry using Annexin V and DAPI (BD Biosciences) or by MitoTracker Red CMXRos dye (Invitrogen, Carlsbad, CA) following manufacturer's protocol as we have described (24, 32) . For cell cycle analysis, cells were re-suspended in 100 ll Cytofix/Cytoperm on ice for 15 min, washed and incubated with 100 ll Cytoperm Plus (both from BD Biosciences). After refixation with Cytofix/Cytoperm, cells were stained with anti-Ki-67 mAb or isotype control per manufacturer's instruction (BD Biosciences). Bromodeoxyuridine (BrdU) and tritiated thymidine ( 3 H-TdR) incorporation assays were performed as we have previously described (32) . For BrdU assays, immediately following nucleofection, 2 3 10 6 CLL cells were cultured in 24-well plates for 24-48 h, and 10 lM BrdU was added during the last 18 h of culture. Cells were then harvested and stained with BrdU antibodies using the BrdU flow kit (BD Bioscience) according to the manufacturer's instructions. For 3 H-TdR incorporation assays, 4 3 10 5 nucleofected CLL cells were cultured in 96-well plates in the presence of 1 lCi per well of isotope (present throughout the entire culture period), and radiolabel incorporation was determined by counting radioactivity after 24 h. As a control for detection of proliferation, total murine splenocytes were seeded at same cell numbers as CLL cells in the presence (positive control) or absence (negative control) of 10 lg ml À 1 lipopolysaccharide, and wells were pulsed with either BrdU or 3 H-TdR for the last 6 h of culture. Murine cultures were harvested in parallel with CLL cultures.
siRNA transfection
Transient transfections of B-CLL cells were performed using the Amaxa (Koln, Germany) nucleofection system according to the manufacturer's instructions. Briefly, 1 to 3 3 10 6 cells were resuspended in 100 ll of transfection solution, mixed with 3 lg of E2A siRNA or control non-targeting siRNA (Dharmacon, Lafayette, CO, USA; 009384 and 001210, respectively) and nucleofected using program U-15. Cells were rapidly transferred to preheated complete medium (RPMI/10% FCS) and incubated for 24-48 h at 37°C.
Quantitative PCR
Total RNA was isolated from 0.5 3 10 7 to 1 3 10 7 cells using the RNEasy kit (Qiagen, Valencia, CA, USA) with on-column DNA digestion as described by the manufacturer. Total RNA was reverse transcribed and cDNA was analyzed by quantitative PCR (QPCR) in duplicate or triplicate wells in the ABI Prism 7900HT. E2A and NFAT levels were measured using TaqMan probe/primer mix (Applied Biosystems, Foster City, CA, USA; hs00413032-m1 and hs00234855-ml, respectively), while all other gene targets were assayed using previously published primers with SYBR Green technology (33) (34) (35) (36) (37) . Data were normalized to the housekeeping gene 18S rRNA or b-actin by the comparative DDCt method.
Statistical analysis
Multiple comparisons were performed with either analysis of variance followed by Tukey's HSD post-hoc analysis or, for paired data, the nonparametric Wilcoxon rank sum test. Differences were regarded as significant at P < 0.05. Analyses were performed using the JMP version 5.1 statistical software package (SAS Institute, Cary, NC).
Results
E2A protein is expressed at high levels in CLL cells
Perturbations in E2A expression are associated with B lineage cancers. The profile of E2A expression in B-cell subsets from healthy individuals versus CLL patients has not been examined, and we analyzed E2A at both the protein and RNA levels. Fig. 1(A) + peripheral blood lymphocytes from healthy donors purified by negative selection with magnetic separation were stained with antibodies to CD24, CD38 and CD27 to distinguish mature and memory subsets (upper panels) or the CD19
in normal donors versus CLL patients (CLL-3 is shown) (lower panels). (B) CD19
+ PBMCs from healthy donors or CLL patients (CLL-15 left; CLL-3 right) stained with antibodies to detect surface phenotype were then fixed and permeabilized and incubated with antibodies to intracellular E2A (shaded histogram) or the isotype control (open histogram). Donor age range is indicated. Activated CD19 + cells were stimulated with anti-CD40/anti-IgM for 48 h before analysis. (C) Comprehensive analysis of E2A protein expression across individuals. The number of independent donors is indicated in the figure (n). The data represent mean 6 SD of patients. The letters A, B and C indicate statistical significance as determined in an analysis of variance followed by Tukey-Kramer HSD post-hoc analysis, P < 0.05. Donors were CLL-1, -2, -3, -5, -6, -7, -8, -9, -10, -11, -12, -13, -14, -15, -17, -18, -20, -22, -24, -25 and -26. (D) The specificity of the anti-E2A antibody (recognizes both mouse and human E2A) was confirmed by examining intracellular E2A in bone marrow B lineage progenitors from wild-type mice (shaded histogram) versus mice bearing a targeted mutation in the E2A gene (open histogram). Nonspecific staining of wild-type cells with the isotype control is also shown (dotted line). (E) E2A mRNA levels were examined in normal CD19
+ peripheral B lymphocytes, anti-CD40/anti-IgM-stimulated CD19 + cells or CLL cells from the indicated donors using real-time QPCR. Data were normalized to 18S and analyzed relative to expression in healthy B cells from young donors, which was arbitrarily set to 1. phenotypic subset, while Fig. 1(C) 
CD19
+ B-cell subsets from the peripheral blood of young donors was 23 6 6.5% (n = 7), 38 6 11.0% (n = 7) and 52.9 6 4.6% (n = 4), respectively. The anti-E2A mAb recognizes both human and mouse E2A, enabling us to confirm the sensitivity and integrity of this detection method by using knockout mice. While E2A was detectable in 78% of bone marrow precursors from wild-type mice, this signal was reduced to background levels in mice bearing a targeted mutation in the E2A gene, indicating the specificity of staining (Fig. 1D) . Our finding that E2A is present at high levels in human B lineage progenitors in the bone marrow (32) and at low levels in peripheral B-cell subsets parallels data in mice, indicating a conserved pattern of expression across species.
CLL is a disease of elderly individuals (median age 65 years) and analysis of B-cell subsets from aged healthy donors (>80 years) reveals that E2A is virtually undetectable in mature, memory and CD5 + CD19 + B-cell subsets: 0.7 6 1.7% (n = 7), 1.1 6 2.8% (n = 7) and 12 6 8.0% (n = 4), respectively (Fig. 1B , right column, and Fig. 1(C) , left). In marked contrast, CLL cells express high levels of E2A protein in a manner not characteristic of normal resting peripheral B-cell subsets of any age. Across 21 individuals, 71 6 14% of CLL cells were E2A + (Fig. 1B and C) ; donor age range 40-80 years. E2A expression is known to be upregulated following B-cell activation (38) and approximately 68-77% of CD19 + B cells are E2A + following anti-CD40/ anti-IgM stimulation (Fig. 1B , left column, and data not shown). Consistent with this finding, CLL cells exhibit increased expression of CD23, CD25 and CD71 as well as other markers characteristic of antigen-experienced cells (39) , suggesting the possibility that chronic antigen stimulation may contribute to the persistent elevation of E2A expression.
Examination of E2A mRNA expression by QPCR mirrored the protein data. We quantified E2A mRNA in B cells from 16 CLL patients, 5 young normal donors, 3 aged normal donors as well as anti-CD40/anti-IgM-activated B cells from 4 young donors and found that E2A transcript is highly expressed in CLL cells, moderately expressed in activated B cells, is expressed at low levels in primary peripheral B cells from both young and aged normal donors (Fig. 1E) . Thus, our data reveal interesting differences in E2A expression in peripheral blood subsets from CLL patients versus normal aged-matched donors, a finding that extends previous studies in which CLL gene expression was compared with tonsillar subsets or cord blood (10, 40) . CD38 expression is linked to cellular activation and disease course but no relationship was detectable between the expression of E2A and CD38 in CLL cells (data not shown). Taken together, these data demonstrate that E2A is expressed at heightened levels in CLL cells relative to normal peripheral blood B-cell subsets at both the mRNA and the protein levels, in a manner consistent with cellular activation.
Efficient knockdown of E2A in primary CLL cells
E2A is a major regulator of B-cell survival and proliferation, and we aimed to establish the mechanistic contribution of this transcription factor to CLL pathology. We designed a knockdown approach using siRNA delivered by nucleofection, a strategy that has been recently used with success in primary CLL (41, 42) . We nucleofected primary CLL cells with E2A siRNA or control siRNA, and 24 h later measured E2A protein and transcript levels. As shown in Fig. 2(A) intracellular E2A was reduced from 82 to 2%, indicating the efficacy of knockdown at the protein level. In an analysis across cells from multiple donors, intracellular staining was reduced from 71.6 6 8.7% to 7.6 6 3.7% (n = 8), a 90% reduction in expression. Similar knockdown results were obtained 48 h after transfection (data not shown). Likewise, E2A mRNA levels were reduced 80-90% as assessed by reverse transcription (RT)-QPCR (Fig. 2B and data not  shown) . No gross differences in viability were detectable between mock (non-transfected) versus control siRNA transfected treatments as assessed using paired samples from five individual donors (67 6 12% and 70 6 14%, respectively, P > 0.05, CLL-6, -7, -9, -11 and -12; and Fig. 3B ). The targeted knockdown was specific for E2A because nucleofection with E2A siRNA had no detectable effect on . As a control for siRNA specificity, levels of NFAT were also examined. The results represent the average of three to four independent experiments using donors CLL-3, -4, -6 and -7.
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another transcription factor, NFAT, which is constitutively expressed in CLL cells (Fig. 2B) (43) .
E2A knockdown increases CLL cell apoptosis E proteins are required for the persistence of B cells in a developmental stage-specific manner (26, 32) . We examined the survival of leukemic cells from 12 CLL cases 48 h after nucleofection with E2A siRNA versus control siRNA or treated with medium alone. For this work, we assessed spontaneous apoptosis using Annexin V/DAPI or mitotracker staining, and identical results were observed with both methods. Representative staining profiles are depicted in Fig. 3(A) and an analysis across multiple patients in shown in Fig. 3(B) . Both approaches revealed the frequency of viable CLL cells (Annexin V À DAPI À or mitotracker + DAPI À ) was significantly reduced from 63 6 16% to 44 6 16% (n = 14) in control siRNA transfected versus E2A siRNA-transfected cells, respectively (P < 0.05); the survival of mock-transfected cells was 69 6 12% (n = 5) comparable to previous reports (44) . Increased sensitivity to spontaneous apoptosis was detectable in patients with CD38
+ or CD38 À CLL status (Fig. 3B and data not shown) as well as from the CD38 + and CD38 À clones within individual patients ( Fig. 3C ; n = 6 independent donors). Consistent with these findings, E2A was expressed at comparable levels as assessed by mean fluorescence intensity in CD38 + and CD38
À clones within nine individual donors with CD38 + CLL status (Fig. 3D , representative profile, and Table 1 ). Despite the availability of chemotherapeutic drugs including alkylating agents (chlorambucil, cyclophosphamide), purine analogs (fludarabine) or monoclonal antibodies (rituximab), patients with CLL are not cured and additional therapeutic options are important (45) . The IMiD agent lenalidomide has high clinical activity in CLL and other B cell malignancies; it appears to be nontoxic at low doses and requires combination with other synergistic agents for optimal effect (46) . IMiD anticancer agents can cause apoptosis or growth arrest in a cancer cell-type-specific manner (47, 48); however, the precise mechanisms of action remain unclear. We determined if the effect of E2A down regulation on CLL apoptosis can be sensitized by the treatment with lenalidomide. CLL cells transfected with E2A siRNA or control siRNA were exposed to two different concentrations of lenalidomide (5 or 50 lM) for 48 h. Consistent with previous findings (47) , lenalidomide alone failed to induce apoptosis of primary CLL cells (Fig. 3E) . By contrast, the combined effects of lenalidomide treatment and E2A knockdown on CLL apoptosis were significantly increased relative to the effect of E2A knockdown alone (P < 0.05). As shown in Fig.  3(E) , after 48 h of combined treatment, the viability of CLL cells was significantly inhibited in a dose-dependent manner. The mean apoptosis index was 39 6 3% after E2A knockdown alone and 66 6 21% at 50 lM lenalidomide plus E2A knockdown (n = 3 donors). These results indicate that E2A knockdown synergizes with lenalidomide to reduce CLL viability. This effect appeared to be specific to lenalidomide as E2A siRNA knockdown in the context of a different IMiD derivative, actimid, had no significant effect on CLL apoptosis (data not shown).
E2A knockdown alters the relative frequency of Ki-67 + CLL cells but does not promote de novo proliferation Despite features of cellular activation, circulating CLL cells are arrested at the G 0/ /early G 1 stage and do not undergo proliferation (1, 39) . We and others have recently shown that E2A inhibits lymphocyte proliferation (26, 32) and we examined a similar role for E2A in primary CLL cells. Interestingly, E2A down regulation was sufficient to alter the cell cycle profile of CLL as assessed using the Ki-67 proliferation antigen. Figure 4(A) shows a representative flow cytometry profile for individual patients, while Fig. 4(B) summarizes the data across multiple donors. The percentage of Ki-67 + cells was increased 5-fold from 5.3 6 3.4% versus 24.2 6 12.6% (n = 7) in control versus E2A-targeted CLL samples, respectively (P < 0.05 in a paired sample analysis) (Fig. 4B , left side) Stimulation with anti-CD40 plus 
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anti-IgM increased the frequency of Ki-67 + cells in controltransfected populations but did not further elevate Ki-67 expression in E2A-targeted subsets, relative to their unstimulated counterparts (Fig. 4B, right side) .
Analysis of cell cycle distribution based on DNA content demonstrated that after knockdown of E2A, CLL cells accumulate in G 1 but rarely are found in later stages of cell cycle (Fig. 4A) . Therefore, we directly measured active DNA synthesis at the clonal level by BrdU and 3 H-TdR incorporation following E2A down regulation. Figure 4(C) shows that despite increased Ki-67 expression, there is no evidence of induction of de novo proliferation in E2A down regulated CLL cells as assessed by either method. Our results suggest that E2A regulates the transition from G 0 to G 1 phase of cell cycle by increasing the relative frequency of Ki-67 + cells within the total CLL population but has no effect on the proliferation of individual CLL clones. These findings are consistent with observations that Ki67
+ CLL cells can accumulate in the G 1 phase without entering other phases of the cell cycle (11) .
Targeted knockdown of E2A in CLL disrupts the expression of key genes associated with survival and cell cycling
We further analyzed the effect of E2A down regulation on the expression of key genes associated with CLL cell survival or cell cycling. QPCR analyses revealed that E2A knockdown did not affect expression of the major regulators of apoptosis bcl-2 or bax, but mcl-1 levels were significantly decreased in all cases studied regardless of CD38 status (Fig. 5) . Furthermore, E2A knockdown altered levels of key cyclin-dependent kinase inhibitors. In particular, the expression of p27, which is up-regulated in CLL and is involved in cell cycle arrest (49, 50) as well as impaired apoptosis (51), was markedly reduced after E2A knockdown. Moreover, p21, a known target of E2A (25, 26, 32) and a downstream target of the ATM-p53 pathway that is thought to play an important role in CLL resistance to chemotherapy (52) was also down regulated in CLL cells after E2A inhibition.
Taken together, these results suggest that E2A may enhance CLL cell survival and resistance to chemotherapy, at least in part, by potentiating the effects of mcl-1, p21 and p27.
Discussion
While CLL patients exhibit variable disease courses, a unifying property of CLL cells whether aggressive or indolent is an activated phenotype. Our data indicate that E2A mRNA and protein are elevated in CLL relative to normal B-cell subsets in a manner characteristic of antigen-activated cells. Here, we used siRNA knockdown to specifically silence the B lineage transcription factor E2A, a known regulator of B lymphocyte survival, proliferation and activation. We show that efficient disruption of E2A expression promotes apoptosis of primary leukemic cells, which is further sensitized by treatment with the IMiD agent lenalidomide. Loss of E2A also alters Ki-67 expression without promoting de novo proliferation and deregulates the expression of cell cycle and apoptosis components. Together, our findings provide insight into the transcriptional mechanisms of CLL persistence.
E2A is a major transcription factor that controls B lineage development and function. E2A expression patterns are best detailed in the mouse but several recent studies have formally begun to establish E2A levels in man. Like mouse, E2A protein increases during the earliest stages of human B lineage progression in the bone marrow (32) and is detectable at low levels in mature and memory B-cell subsets from healthy donors. In striking contrast, E2A is expressed at high levels in CLL cells, to a degree that is only comparable with that of B-cell receptor/anti-CD40 stimulation of normal B cells. These observations provide additional support for the idea that at least some CLL cases represent the transformation of an activated B cell (12) . Since E2A expression is strongly associated with lymphocyte activation (53, 54) , a characteristic feature of CLL (11, 39, 55) , it is somewhat perplexing that E2A has not been readily flagged in CLL gene expression profiling studies (10, 40, 56) . These array studies focused on B-cell subsets from cord blood and tonsil, two subsets for which E2A levels have not been explicitly characterized. Moreover, E2A expression is clearly agedependent (57) , and a direct comparison of CLL versus B-cell subsets from age-matched individuals may reveal previously unappreciated differences. Indeed, our data show striking properties of E2A with normal aging. E2A expression dramatically decreases with age (>60 years) at the levels of both mRNA expression (57) and protein yet remains highly expressed in age-matched CLL patients. Since CLL cells appear to exhibit an activated phenotype, we hypothesized that disruption of the cellular activation status might provide the opportunity for improved therapy.
Here, we targeted a key transcriptional regulator associated with the activation status of CLL. We show that the transcription factor E2A is over-expressed at the transcript and protein levels in CLL cells relative to age-matched normal B-cell subsets. E2A silencing in CLL promotes apoptosis, which is sensitized by the treatment with IMiD agent lenalidomide. E2A knockdown also alters cell cycle status and is associated with reduced levels of the anti-apoptotic gene mcl-1 and cell cycle inhibitors p21, p27. Although bcl2 is a hallmark anti-apoptotic gene expressed in CLL, the prosurvival effects of E2A appear to be bcl2 independent as bcl2 transcript was not altered following E2A disruption (Fig. 5 ). As such, our observation that expression of mcl-1, a bcl2 family member associated with CLL drug resistance (7) , is responsive to E2A levels merit further investigation. We speculate that inhibition of E2A may facilitate transition from G 0 to G 1 phase of the cell cycle and therefore increase the sensitivity to apoptotic cell death. Finally, our study suggests that aberrant over-expression of E2A plays an important role in CLL cell apoptosis resistance. We anticipate that the specific and efficient siRNA targeting of primary CLL cells as described here can readily be used for the development of new therapeutic strategies aiming to alleviate apoptosis resistance in CLL. 
